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Abstract
In order to reduce the thermal stress at clad layer and further reduce the crack generation in the laser
cladding process, a method of controlling the cracks at clad layer by changing the laser energy density
was proposed. The comparative thermal-mechanical coupling �nite element analysis was conducted for
the uniform rectangular spot and convex shape beam spot cladding processes on plasma-sprayed
MCrAlY coating through the numerical simulation method based on the ANSYS software. The results
show that the rapid heating and cooling characteristics, which are typical in laser processing, are
manifested in the cladding process using the uniform rectangular spot, and the convex shape spot can
exert the preheating and slow cooling effects to a certain extent, so as to reduce the temperature gradient
of the cladding zone and non-cladding zone. In addition, on the precondition of equivalent cladding
effect, the thermal stress at the clad layer is also low, so the cracking tendency of the clad layer can be
effectively mitigated. Relative to the laser beam shaped diffractive optical element special for design and
manufacturing, superposing two uniform rectangular spots with different sizes and energy densities is a
simpler and more effective method of acquiring the convex shape spot.

1. Introduction
Laser cladding refers to radiating high-energy-density laser beams on the surface of base material and
forming a layer of materials with special physical, chemical or mechanical properties on it through rapid
melting, expansion and solidi�cation. In comparison with other surface machining technologies, the laser
cladding technology integrates the merits of broad scope of application, strong practicability and �exible
application, so it has aroused extensive attention and attracted great importance and has been widely
used [1-8]. At present the major problem in laser cladding is high coating brittleness and great cracking
tendency [9-16], which considerably restricts its scope of application in key components, so cracking
inhibition in the laser cladding is of great realistic signi�cance to the application of the laser cladding
technology in production.

The main methods of inhibiting cracking of clad layer at present include: adjust the stress state and
reduce the tensile stress as much as possible [17-19]; optimize the process method and parameters [20-
29]; reasonably design the clad layer [29-34] and change the laser action mode [35, 36], etc. From the
angle of cladding material, laser cladding nano coating can effectively solve the easy cracking problem
of clad layer by virtue of strong toughening effect of nanomaterial [29]. The measure commonly used to
adjust the stress state at the clad layer is preheating and/or cold treatment of the specimen. For instance,
Literature [17] investigated the in�uence of substrate preheating on laser cladding, and conducted the
laser cladding tests at different preheating temperatures, and the results showed that the laser cladding
under substrate preheating condition could signi�cantly improve the specimen mass, effectively reduce
the thermal stress in the cladding process, and reduce the crack generation at the clad layer. The
composite laser cladding technology is also one of the effective methods of controlling the cracks at clad
layer. Literatures [20-28] combined induction heater [20-24], ultrasonic vibration [25], electromagnetic �eld
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[26], alternating current electric �eld [27] and pulsed current [28] et al. with laser cladding, thus controlling
the crack formation at the clad layer very well.

The essence of preheating and/or slow cooling treatment lies in reducing the temperature gradient in the
laser cladding process. In fact, the solidi�cation of clad layer is an extremely fast process after laser
cladding, and the process from stress generation to stress concentration until crack formation is also very
fast. Therefore, the preheating and/or slow cooling treatment should run through the whole laser cladding
process in order to give full play to the effects of preheating and slow cooling treatment on improving the
quality of clad layer or eliminating the crack generation. This problem can be well solved using the
incubator dedicated for laser cladding. However, on the one hand, the incubator should synchronously
operate with laser cladding, and on the other hand, different incubators should be designed for different
specimens, which brings about a certain di�culty to the laser processing operation and incubator design,
specially to overall heating and heat insulation of large specimens. In Literature [24], the induction
heating method was used to realize local preheating of the specimen and reached favorable effect. This
method could not only greatly improve the cladding e�ciency but also acquired a crack-free clad layer,
and meanwhile, but the complexity of the whole system was aggravated by the added heat source.
Shang et al. [36] pointed out that the laser cladding NiCrBSi structure could be effectively controlled by
changing the energy density of circular laser beam.

Enlightened by the methods of preheating and slow cooling treatment and changing the energy density of
laser beam, if the laser is properly transformed, the energy density distribution of uniform rectangular
spot commonly used in laser cladding can be changed to acquire the convex shape spot with high energy
density distribution in middle and low energy density distribution at edges along the laser scanning
direction. During the laser cladding process, the specimen can be preheated at front end of the spot, the
cladding treatment is carried out in the central high-energy-density zone, while the cooling speed of clad
layer can be slowed down at rear end of the spot. In this way, no additional device is needed, and
meanwhile, the effect similar to preheating and slow cooling can be reached, so as to reduce the
temperature gradient of laser cladding zone and non-laser cladding zone, and mitigate the cracking
tendency at clad layer. The thermal-mechanical coupling �nite element numerical simulation was
conducted for the laser cladding process on plasma-sprayed MCrAlY coating with the spot presenting
uniform rectangular energy density distribution and those presenting convex shape energy density
distribution via the ANSYS software, in an effort to investigate the in�uences of convex shape spot on the
specimen preheating and slow cooling effect of laser cladding and the stress, and verify its effectiveness
in controlling the cracks at clad layer. After then, the implementation method of the convex shape spot
was discussed.

2. Thermal-mechanical Coupling Finite Element Modeling
The substrate material was γ-TiAl based alloy (TAC-2) smelted by Institute of High-Temperature Materials,
Central Iron and Steel Research Institute, the MCrAlY coating was prepared through the plasma spraying
process using the Y2O3-strengthened high-temperature alloy composite powder NiCoCrAl (KF-113A)
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produced by Institute of Metal Materials, Beijing General Research Institute of Mining and Metallurgy. The
substrate dimensions of the specimen were 30 mm×20 mm×5 mm, the thickness of the coating was 0.15
mm, and one half of the specimen, which was symmetric with the center line of laser scanning as shown
in Fig. 1.

The main models used to describe laser heat source include Rosonthal analytical model, Gauss
distribution heat source model, uniform heat source model, semispherical heat source model, ellipsoidal
model and double-ellipsoid heat source model [37-50], etc. As for laser cladding, diffractive optical
element is usually used to transform Gauss beam into rectangular beam with uniform energy density
distribution [51], so the uniform heat source model is usually applied in numerical simulation.

Two laser heat source models are used in the numerical simulation: uniform rectangular spot, with
concrete parameters as follows: laser power of 950 W, spot size of 5 mm×3 mm, laser scanning direction
of along 3 mm side of the spot, and scanning speed of 600 mm·min-1; convex shape spot (superposed by
two uniform rectangular spots with the same center but different sizes), namely one uniform small
rectangular spot with laser power of 675 W and size of 5 mm×3 mm, and one uniform large rectangular
spot with laser power of 675 W and size of 5 mm×15 mm, the scanning direction is along the 3/15 mm
side of the spot, and the scanning speed is 600 mm·min-1. The energy density distributions of the two
spots are shown in Fig. 2.

The corresponding �nite element numerical simulation model was established through the indirect
thermal-mechanical coupling method via the ANSYS �nite element software, and the concrete model
construction is seen in Literatures [52,53] in details.

3. Model Calculation Results And Discussion
Fig. 3 displays the temperature �eld nephogram at 1.5 s of laser scanning under two process parameters,
where the zone with the temperature higher than 1,460 oC (melting point of TiAl alloy) in the Fig. 3 is
molten pool zone. It can be seen from the Fig. 3 that in comparison with the uniform rectangular spot, the
isothermal zone cladded using convex shape spot is large, in other words, the temperature gradient of
cladding zone and non-cladding zone is small.

The cross-sectional temperature �eld nephogram at the maximum temperature point at 1.5 s is shown in
Fig. 4, and the isothermal line presents crescent shape. The substrate melting depth and interfacial
metallurgical bonding breadth can be judged according to the 1,460 oC isothermal line. When the uniform
rectangular spot is used, the interfacial metallurgical bonding breadth and substrate melting depth are
3.04 mm and 134 μm, respectively, and those when the convex shape spot is used are 3.03 mm and 145
μm, respectively, so they achieve equivalent cladding effect on the whole. It can be seen by comparing the
two �gures that the maximum temperatures achieved by using the uniform rectangular spot and convex
shape spot are 1,906 oC and 1,820 oC, where the latter is slightly lower than the former, but as the convex
shape spot is relatively larger, the laser irradiation time is longer, so is the existence time of molten pool,
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and thus more heat quantity can be transferred towards the depth direction. Moreover, the temperature
gradient is small in the depth direction, the practical cladding effects of the two process parameters are
equivalent, and only that the ratio of substrate melting depth to interfacial metallurgical bonding breadth
is relatively higher when the convex shape spot is used in the cladding process.

The temperature cyclic curve at the midpoint of center line on upper surface of the specimen is shown in
Fig. 5. It can be seen that when the uniform rectangular spot is used for cladding, the temperature at the
spot is slowly rising before the laser beam scans to this spot; when the laser beam scans to this point, the
temperature will be rapidly increased to high temperature, and then rapidly cooled as the laser leaves, so
rapid heating and rapid cooling characteristics, which are typical in laser machining, are presented.
During the cladding process using convex shape spot, the temperature cyclic curve at this point is similar
to the laser spot shape, namely convex shape, and at the front end is equal to local preheating of the
specimen at 400 oC. However, in�uenced by the laser heat action, the temperature is relatively high in the
cooling phase, presenting incompletely symmetric distribution. In general, when the convex shape spot is
used, the temperature gradient is small no matter at front end or rear end of laser cladding, obvious
preheating and slow cooling features are manifested, and this can relieve the adverse effect of fast
heating and fast cooling in laser cladding on coating stress to some extent.

The early-stage research indicates that the tensile stress of the laser cladding specimen is the maximum
along the laser scanning direction (transverse) [53], and high tensile stress is closely related to the crack
formation at clad layer. Therefore, the in�uences of only the two spots on transverse stress in the
cladding process will be discussed in this paper. Fig. 6 shows the transverse stress cyclic curve at the
midpoint of the laser scanning center line on the upper surface of the specimen. It can be observed that
before and after the molten pool is formed, the compressive stresses are equivalent under the two
process conditions, but in terms of the tensile stress playing a signi�cant role in the crack formation at
clad layer, the tensile stress formed by using the convex shape spot is obviously lower than that using the
uniform rectangular spot in the subsequent cooling process. According to the calculation results, as the
cooling proceeds till 300 s, the tensile stress (may be considered as residual stress) of the uniform
rectangular spot is 397.66 MPa, while that of the convex shape spot is 355.83 MPa, which is reduced by
10.5% comparatively.

The transverse stress distribution on the laser scanning center line on the upper surface of the specimen
at 300 s is presented in Fig. 7. It can be clearly seen that the residual stress distributions under the two
process conditions are similar: The transverse stress on the center line of the whole workpiece is tensile
stress, the stress is rapidly increased at the initial end of laser scanning, and this very high stress level is
kept in the central area until the end point of laser scanning. However, the residual stress of the convex
shape spot is lower than that of the uniform rectangular spot, averagely by about 40 MPa in the central
area. Through the previous numerical simulation, it is theoretically proved that the convex shape spot is
effective for controlling the crack generation in the laser cladding process.

4. Implementation Method Of Convex Shape Beam Spot
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The convex shape laser spot can be implemented by two methods: (1) The diffractive optical element can
transform Gauss laser into a rectangular spot with uniform energy density, or other laser beams
presenting any power density distribution. Therefore, the special diffractive optical element outputting
convex shape spot can be directly manufactured through the laser beam shaped diffractive optical
element design. However, on the one hand, the design and manufacturing of special diffractive optical
element outputting convex shape spot can be complicated, and on the other hand, it is not convenient to
adjust the convex shape spot output by the well designed special diffractive optical element. (2) The
universal diffractive optical element, which can transform Gauss beam into uniform rectangular beam,
can be used to generate the convex shape spot by superposing two uniform rectangular spots with
different sizes and energy densities. Fig. 8 is a schematic diagram of convex shape beam spot
generation through double-beam superposition of uniform rectangular beam spot.

For the superposition of two uniform rectangular laser beams, the preheating and slow cooling effects of
the convex shape spot can be conveniently adjusted by controlling the power of two laser beams, spot
size and central position of the spot. For example, when the center of the rectangular spot with large size
and low energy density along the scanning direction is located at the front end of the rectangular spot
with small size and high energy density, the preheating time will be longer than the slow cooling time, and
the preheating effect is superior to the slow cooling effect; on the contrary, if the center of the rectangular
spot with large size and low energy density along the scanning direction is located at the rear end of the
rectangular spot with small size and high energy density, the slow cooling time is longer than the
preheating time, and the slow cooling effect is better than the preheating effect. If the laser scanning
speed and power remain unchanged while the size of large spot is reduced, the energy density will
increase, the preheating and slow cooling temperatures will rise, but the preheating and slow cooling time
will be shortened. Hence, the too small size of large spot will result in insu�cient preheating and slow
cooling time, with limited effect on reducing the residual stress at the clad layer; when the size of large
spot is enlarged, the preheating and slow cooling time can be lengthened, but meanwhile, the reduction of
energy density will bring about the reduction of preheating and slow cooling temperatures. Given this, the
too large size of large spot will give rise to insu�cient preheating and slow cooling temperatures and this
is not good for reducing the residual stress at the clad layer.

From the previous analysis, for the implementation of convex shape spot through double-beam
superposition, the power of two uniform rectangular laser beams, spot size and spot action center will
exert great in�uences on the preheating and slow cooling of the clay layer, thus directly deciding the crack
controlling effect, so the convex shape beam remains to be further optimized in the follow-up research.

For the crack controlling method by changing the laser energy density distribution (convex shape spot is
used), the crack controlling of the clad layer is synchronously implemented with laser cladding, which is
its advantage; in addition, the local heating treatment consumes less energy; especially, it can realize the
effects similar to preheating and slow cooling without needing any additional device, the implementation
and control are quite simple, so it is a convenient and feasible crack controlling measure for the clad
layer. Relative to the special diffractive optical element outputting the convex shape beam, when the
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superposition method of the double uniform rectangular beams is superposed, the preheating and slow
cooling effects of the convex shape spot can be conveniently controlled by regulating the powers, spot
sizes and action centers of the two uniform rectangular spots respectively in the convex shape spot, so it
is a simpler and more effective method.

5. Conclusion
(1)The crack control method for the clad layer by changing the laser energy density distribution was
proposed in this study. The effectiveness of laser cladding on plasma-sprayed MCrAlY coating with the
laser spot presenting convex shape energy density distribution in reducing the thermal stress at the clad
layer and relieving the crack generation was veri�ed through the numerical simulation method based on
the ANSYS �nite element software.

(2)The numerical simulation results indicate that in comparison with the uniform rectangular laser spot,
the laser cladding with the convex shape spot exerts the preheating and slow cooling effects to some
extent, thus reducing the temperature gradient of laser cladding zone and non-cladding zone. Given the
given parameters, the thermal stress can be reduced by over 10%.

(3)Relative to the laser beam shaped diffractive optical element specialized for the design and
manufacturing, the superposition of two uniform rectangular beam spots with different sizes and energy
densities is a simpler and more effective method of acquiring the convex shape beam spot.
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Figure 1

Schematic diagram of laser cladding process
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Figure 2

Energy density distribution of laser beam spots. a uniform rectangular beam spot, b convex shape beam
spot
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Figure 3

Temperature �eld nephogram at 1.5 s. a uniform rectangular beam spot, b convex shape beam spot
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Figure 4

Cross-sectional temperature �eld nephogram of the maximum temperature point at 1.5 s. a uniform
rectangular beam spot, b convex shape beam spot
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Figure 5

Thermal cyclic curves of midpoint of laser scanning center line on upper surface
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Figure 6

Stress cyclic curves of midpoint of laser scanning center line on upper surface
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Figure 7

Residual stress distribution on laser scanning center line on upper surface
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Figure 8

Schematic diagram of convex shape beam spot generation through double-beam superposition of
uniform rectangular beam spot


